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FOREWORD 

This report was prepared under USAF Contract No. AF 33(6>16)-7065 with Nu- 
clear Metals, Inc., Weot Concord, Massachusetts, as the prime contractor. The 
contract was Initiated under Project No, 7351, "Metallic Materials," Task No. 
73510/., "beryllim and Beryllivan Alloys," The work was administered under the 
direction of the Metals and Ceramics Division, Air Force Materials Laboratory, 
Research and Technology Division, with Mr. K, L. Kojola and Capt. P. S. Duletsky 
acting as project engineers. 

The portion of the work covered by this volume was performed under Subcon- 
tract  No. L,  "A Study of  the Brittle Behavior of Berylllun by Means of Transmis- 
sion   Electron Microscopy," by The Franklin  Institute Laboratories,   Philadelphia, 
PenneyIvania,    The authors of this volume are Mr.   F.  Wilhelm and Dr.   H.  0, F, 
Wllsdorf of The Franklin  Institute Laboratories. 

This report covers the period of work from 1 July I960 to 31 March 1963. 

The Air Force gratefully scknowledges the assistance provided by  Dr.  A.  R. 
Kaufmann of Nuclear Metals   In editing this  report. 



ABSTRACT 

Glide dislocations  in beryllium i    •cimens were studied by direct observa- 
tlo.. with an electron microscope.    The ; rocedures are described by which speci- 
mens were heat treated and deformed as well as the technique used to obtain 
electron-transparent specimens from built berylllv«. 

Investigations made on polycrystalline Pechiney flake berylll\mi, on com- 
mercial purity single crystal plates,  and on high purity single crystal tensile 
specimens are described. 

Glide dislocations  in berylllvan are  strongly hindered   In their movements 
and are often pinned by lattice imperfections and larger precipitate particles, 
especially In berylllvmi of commercial purity.     Dislocation tangles have been 
observed  In deformed  Pechiney flake berylliun and  in crystals of comorcial pu- 
rity;  the presence  of round as well as elongated prismatic dislocation loops Is 
in evidence.    Dislocations of different slip systems may react  to form Incipi- 
ent networks,     In specimens where dislocation pinning is less  pronounced, dis- 
locations hava a tendency to align themselves along crystallographlc directions, 
In high purity tensile specimens ^dislocation bundles of high density are founi 
to lie  In the basal plane  in a <1100> direction perpendicular to the principal 
glide direction.    Many of these dislocations are dlpoles.     It  Is  found that 
most dislocation reactions are confined   to relatively thin glide  packets par- 
allel to the basal plane.     Rarely have dislocation motions been observed under 
the stress created by a high-Intensity electron beam in the microscope,    A high 
Pelerls-Nabarro force as well as high stacking fault energy  In berylli« Is 
concluded.    An inference  is drawn with regard to the brlttlenosa problem of be- 
ryllli». 

This technical documentary report has been reviewed and  is approved, 

;   J-i  ■'     -'.- 
I.   PERLMUTTER 
Chief,   Physical Metallurgy Branch 
Metals  and Ceramics Division 
Air Force Materials laboratory 
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I.     INTRODUCTION 

The purpose of this project was to Investigate the behavior of dislocations 
in berylllvn and to contribute to the understanding of the brittleness problaa. 
The dislocation patterns In berylll« have been examined by nean« of tranamla- 
8Ion electron Bicroecopy, which method require that specimens to be Investigated 
be thinned down by appropriate techniques so that they became transparent to the 
electron beam in the microscope. A special technique, based on diffraction phe- 
nomena which are caused by lattice imperfections in crystals, allowed the direct 
observation of dislocations with high resolution and magnification. 

II.     SCOPE 07 PROGRAM 

It was proposed to study beryllium samples of different  impurity content, 
in order to assess  the effect of   Impurities on the ductility. 

A.     Polycryatalllne specimens of vacum-melted Pechlnay flake beryllii» 
were obtained from Nuclear  Petals,   Inc.   In the form of small plates  12 x 12 i« 
in size or larger,  and 0.',- to 1,2 mm thick,  with grain sizes of  1 to 2 mm In 
diameter.     In the process of fabrication,  they had received an unknown heat 
treatment and  some deformation by  cutting and  subsequent grinding.    Electron 
microscope specimens were prepared  from this material   (1)   "as-received",   (2) 
after annealing at 9000C for 2  hours  in a  Purgon atmosphere and  furnace-cooled, 
undeformed,   (3)  annealed  in the  saino way  but  subsequently deformed by bending, 
U)   Ice-water quenched  from 1150oC and undeformed, and   (5)   ice-water quenched 
ani  deformed by bending.     Spectrographic  analysis  indicated an   impurity content 
in parts  per million by weight  as  follows i 

Al 80 Fe 190 

Ca < 50 Ni 190 

Mg < 50 Cr 25 

Ci <25 Mn 15 

Cu <5 

t.     beryllium  sirvlo crystals  of roocaercial  purity were available as 
strips,   ap; roxiraately   1 mit thlcK.     The  crystallographic  orientation was  such 
that  the  basal   plane  of  the   hexagonal  unit  cell  formed  an angle  of approximately 
/,50  -1th  tho   flat   surface of   the   specimens  and   was tilted  around   the  [1100J   di- 
rection. 

refore   investi^atlon  In thn electron microscope,  this  material  was 
treated   In various   ways:     (1)   annealed  at   1150oC  for   1  hour   in  a  Purgon atmos- 
phere,   furnace-cooled,  and  deformed by coaipresslon with  50,000 and  100,000 pel. 

Manuscript  released   by  authors  October   1^63  far  publication  as   an ASD Technical 
jocuaentary  Report. 



the coapreaelon «LXIB being perpendicular  to the flat  surface  of  the strip;   (2) 
Ice-uttter quenched  fro« 1]500C>  undefonned;   (3)   Ice-water quenched  fron  11500C 
and  compressed with 70,000 pal;,   U)   raj-ldljr quenched  from  ll^CPC by means of a 
special  apparatus  to be described later,   the specimen remaining undefonned; 
(5)  rapldljr quenched  from llf0oC and deformed by compression with  100,000 psl; 
and,  finally,   (6)   annealed at  ll^C for   1 hour, deformed by compression with 
100,000 psl,  and  then reannealed at  QDCPC for 30 minutes  for  the purpose of 
polygonlzatlon studies. 

These  single crystals were of  commercial  purity.   I.e.,   their  Impurity 
content wae   In the order of Ctt, with  the detailed analysis as follows   (ppo 
by weight)t 

AI 970 Cr 100 

Ca < 50 Mn 95 

Mg <:   5 Cu 5 

SI 35 C 3000 

Fe 1000 0 ~    600 

Ni 105 N 1% 

The unueually  high  carbon content may be  due  to a  local  enrichment  of C and  not 
typical  for  the material as a whole. 

C,     Very high  purity material,  prepared  from distilled  beryllium and  subse- 
quently subjected  to zone-refInlng, waa  available   in the  form  of single crystal 
tensile  specimens.     Three specimens  have  been studied.     Specimen 1 was machined 
at  The Franklin  Institute  Laboratories  fron distilled beryllium which had  re- 
ceived one  fast zone-refInlr.g pass.     Ita  basal  plane and   the   [ll2Cj  direction 
formed  an  angle of  Z,50 with  the  crystal   ajtifc.     The   specimen was  tenaile  strained 
to fracture with  a  resulting elongation of approximately  35^.     Specimens 2 and 
3 originated  from  one and  the  same bar of distillate and  were,   after receiving 
six  zone-refining   passes,  machined   into  tensile specimens by  Nuclear Metals, 
Inc.     both of  their  basal  planes   formed  an angle of anroximatoly ^,5° with the 
tensile  axis,  but   in  specimen  2  only one   slip   system   in  the baeal  plane was 
operative,   i.e.,   the ^.'1120^   ilrectlon,   on which slip  occurred,   was  oriented A50 

to  the  tensile  axis,   while   in  s:ecimen   3  two  slip systems  were  designed  to  op>- 
erate,   the  resect ive < 11^0> d Irections   symmetrically  forming  angles  of  ^20l5, 

with  the  specimen  axis.     Specimen  2 was   tensile  strained  2156,   while  jpeclmen  3 
was elongated  only   12%,     Seither  of  the  two specimena  fractured during the 
straining. 

N'o  analytic  data  on  the  purity  of   these  specimens was  available.     An   indi- 
cation  of  the  purity  of  the materials   from which specimens  2   and  3 were machined 
may,  however,   be given by the ratio of  the electrical  resistance at room tem- 
perature over that  at ^.20K, which was  estimated to be 300-350 by Nuclear Metals, 
Inc.,  the supplier  of  the crystals. 



III.  TECHNIQUES OF SPECIMEN PREPARATION 

The Bpeclmen holder of th^ electron ■Icroacope (a Philips EM 100 B was uaed 
for most of the Investigations) car accommodate specimens of approximately 3 ■n 
diameter, with a maximal thickness of 0,5 mm.  The crystals to be studied had, 
therefore, after heat treatment and mechanical straining as required for the 
particular experiment, to be cut to size.  For the specimens as described under 
Section II-A and E, electrolytic cutting technique» were used exclusively, while 
the tensile specimens mentioned under II-C were shaped by the spark-cutting 
technique with subsequent electropollshlng in order to remove possible surface 
damage from the specimens. 

One of the main problems in studying dislocations in beryllium by means of 
transmission electron microscopy was to find a suitable method of producing thin 
metal filc^ , 1000 to 5O00A thick.  Two different electrolytic polishing proce- 
dures .ere employed during this project, both having their own peculiar advan- 
tages and disadvantages.  Reference will be male to these two procedures in the 
following description of the "alow" and the "fast" method, 

A,  The preparation of microscope specimens by the "slow" method required 
the material to be in the form of small strips, 3 mm wide and approximately 0.5 
mm thick.  The strips were cut from the little beryllium plates by means of a 
thin, aprMad-out stream of dilute HNO^, ejected from a flat Jet, and directed 
against the edge of the specimen, while a current of ca. 300 ma. was maintained 
to flow from the specimen to the Jet,  Thin permitted a fairly accurate and 
fast way of crtting.  The beryl 11 nn stripe thus obtained were subjected tT the 
electropollshlng bath (to be described) and polished down over their entire sur- 
face until thnir thickness wan approximately 0.5 mm.  The next step required 
the etching of a series of small, round depressions along the strip, about ^ mm 
distance between the depressions.  This was done electrolytically by means of a 
fine jet stream of dilute nitric acid, directed against the surface of the strip, 
with a current flow of approximately 100 ma.  The bottoms of the depressions 
were thu^ thinned down to about 5O-100A(.  The strip was now electrolytically 
cut Into little segments, each containing one depression pit in its center. 
These little chips, having now roughly the size of the finished microscope spec- 
imens, were further electropolished , until a small hole broke through at the 
center of the depression.  Around the hole a sufficiently large area was usu- 
ally produced whl^h was thin enough for electron transmission.  This final elec- 
tropollahlng process is rather time-consuming anj critical.  The rpparatus used 
for this "slow" polishing is shojn in Figur- 1. 

The beryllium specimen, which was held in the electrolyte by aluminum 
tweezers (protected by Microstop lacquer), formed the anode, while a thin plate 
of stainless steel at the bottim of the cell served as the cathode.  The cath- 
ole plate ha i ^ small hole in its center, through which a strong light beam 
was focused from below on the sp-ecimen.  The specimen was observed constantly 
by means o*" an optical microscope oT about 50X magnification, either by eye 
or by a photoraultlpller-triggerod relay circuit, until the first breakthrough 
of light was detected at, the center of the depression.  The specimen was then 
immediately removed from the polishing bath, washed in distilled water 



Figure 1 -  Flectropolishing apparatus used  for the preparation of 
thin speclffiens  for transmission electron microscopy. 
("Slow" method). 



and alcohol, and dried.     The  coBpoeition of the electropollBhing solutlona uaed 
wast 

100  p^rts orthophoaphorlc  acid 

30 part« concentrated  sulfurlc acid 

30 parts ethanol 

30 parta glycerol 

This bath was agitated  ar.d  icept at roon temperature.    The electropollshlng 
process  was slow,  reduction   In thickness being approximately Up   per hour,    A 
voltage  between 1  and  15 volts was employed,   resulting  in a current density of 
approximately 20 ma/cur.     The current observed was  remarkably  independent of 
the ceil  voltag«!    between  2  and 20 volts the  current  JeDsity  regained  almost 
unchanged   (Figure 2),     Best  polishing was obtained  between 10 and  15 volts. 
Above  15 volts,  unstable conditions occurred occasionally,  resulting  in a stror.g 
current  aurge and  etching under gas evolution.     At  voltages near 2  volts,  th« 
gas development at the  specimen   (oxygen)  ceased,  and  bel^w 1,5 volts,  hydrogen 
was  generated.     Polishing at  these low voltages  was poor, with etch pits becom- 
ing a  serious problem.     However,   it has been observed that specimens prepared 
under  hydrogen development  show,  when studied  In the electron microscope,  a 
clearer background  than that which is usually found   in specimjna prepared under 
oxygen development.     It  seems  that  the oxygen reacts with the beryllium  surface, 
causing  a dark,   spotty  surface film to  form,     A comproaise has to be made be- 
tween  optimum polishing conditions   (negligible pitting)  and a clean,  smooth 
surface. 

In work  with  polycrystalline beryiliin,   it  has been noticed  that  the 
optimun polishing voltage depends also on the  particular grain orientation. 
Slight  vsriatlons  in voltage  cause one or the  other  grain to be polished,  while 
a  neighboring grain may  retain  Its dull   appearance   (Figure  3).     A word  of  cau- 
tion   ie   in order:     it was  frequently observed  that  beryllium Sfecimens  electro- 
polishnd with the orthophoephorlc acid  solution described  showed many  fine dark 
dots,   between  50 and AOOÄ  in diameter  (Figure O.     These dots were at  first mls- 
taxenly  interpreted as   impurity precipitates within  the material,   until they 
could  be   identified  as  artefacts created  at  the  surface of the  sfecimens  during 
the Hl^ctropolishing procedure.     Ester Ificatlon and  polynerlration processes   In 
the  electrolyte may \e responsible for the ap; farance of the dark dots. 

P.     The  "fast" electropollshlng method  has been   developed  from  the  Knuth 
System of electropollshlng,  making use of experiences with the  Dlaa-Electropol 
apparatus.     With  the Plea aj-paratus,  thin polished  flakes of material  are ob- 
tained,   floating   In the  electrolyte.    This method   is  not practical  for dislo- 
cation studies because  thin flakes are very sensitive to deformation by  hand- 
ling,   and  the pr^Jetermined  crystallographic  orientation cannot be marked. 
Simply  to exchange the siou electrolyte used   in  the previously described method 
failed   tc  give  good   results.     A  new apparatus   has   been developed  which  combines 
the  advantages of Disa  with  that of the   "slow" method.     Using  the electrolyte 
E-2,  as  suggested by Saulnier   (J,   Nucl,  Materials,   2,  No.  4,  299-309,   I960), 
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conslitlng of  300 parto of copper  (II)  nltrat«, 900 parts of mothanol, and  30 
parts of nitric acid, «ucb higher current deneitiea  {'^80 ma/«art with a poten- 
tial of  50 Tulte acrosB the cell)  can be obtained.     In the apparatus »hown 1» 
Figure 51 the speciJ&en to be polished  is held by a spring against a small cir- 
cular opening   (about  1-2 m die.)   in the plastic mask, thus exposing only a 
small section of one side of the specimen to the electrolyte.     It  is important 
to circulate the electrolyte rapidly  in order to prevent changes  in electrolyte 
concentration and an accmmlation of gas bubbles at the aperture.    The specimen 
has to be polished on two sides successirely;  no previous etching of depressions 
by means of a  Jet  is necessary.    As  in the conventional "slow" method, the 
breaJrthrough of the metal film,  signalizing the presence of  sufficiently thin 
areas,   is observed by an optical microscope.    With this apparatus,  a specimen 
can be polished through within a few minutes,   in contrast to many hours  in the 
"slow" method.    There  is a disadvantage  in this faster poliBhlng method,  how- 
ever.    The background of the micrographs from specixoens polished by the  "fast" 
method  Is not as clear as that usually observed  in micrographs  from specimens 
polished by the  "slow" method;   it is mottled and more spotty, but dislocations 
come out  In a clear, well-defined contrast.    Both polishing methods described 
have as a common feature the advantage that the thin transparent film is flntly 
retained by a  solid frame of berylllias,  protecting it against accidental defor- 
mation.    Both methods have been used   in combination,  as the condition« of the 
specimens demanded. 

IV.     THFÄMAL TREATMEI.T OF THF SPECIMENS 

Annealing  and   Ice-water quenching:     uher^vjr  the  experiment  required  heat 
treatment of a  specimen,  the  apeclmer  was  first electropolished  so  that  surface 
twins and other  surface damape  were  removed  that otherwise  could  have acted  as 
nucleatlon points.     After electropolishing and cleaning,  the  specimen was 
wrapped   in tantalum  foil and  sealed   in an evacuated and Purgon  filled  (0,2 atm.) 
quartz   tube,   10 mm   I.D.     The  tantalum  foil  was  tc  prevent  reactions  between  the 
quartz  and beryllium,  which may otherwise  lead  to a  hard deposit at  the  surface 
of  the  sfecimer.s,  making  subsequent   electropolishing difficult.     Heat  treatcent 
proceeded as  prescribed  by the  experiment.     'When  annealing  and   furnace-cooling 
was called  for,   ttv  quartz tube was  left   in the cooling furnace until room tem- 
perature was   reachod.     Ice-water quenching  was accomplished  by manually  pulling 
the quartz  tube  with  the  st ec imf-n out  of  the  furnace at the  prescrlled tempera- 
ture  and  dropping   it   Into   ice-watrr,   Immediately crushing  the  quartz  tube   In 
oner  to  permit   water  tn   rtach  the  specimen  to  accelerate   the  quenching.     It   Is 
unavoidabl«  in this  method that   th^  texperature of th*i specimen has dropped  con- 
siderably,   before   it   is   in contact  with  the quenching  liquid.     It  was  therf-for< 
desirable to  s; eed  up the quenching   rate.     A  "rapid  quenching apparatus"  has 
been built  to meet   this  requirement   (see  Figures 6,  7,  and  8).     The berylliur 
bpecimen,  about   1  x   c x  2^ ■»   in  size,   was  contained   In a molybdenum crucitle 
in  order   to  pormlt   coupling  to  a  radio  frequency   induction  furnace.     The  cruci- 
ble   Itself   was  held   inside a quartz   tube.     The apparatus  was  evacuated  to  letter 
than  IfT^ us   Hg.     A   f.hermocouple permitted  observation of  th^  temperature   inside 
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the» crucible.     During the experinont,   the teaperature was  held between 1150° 
and 12000C  for   30 aiinutee.     Quenching proceeded by permitting a degassed   Ice 
brln^ of -100C  temperature to  rush   into the apparatus  while  the heating power 
was  still  on.     An automatic arrangement cut  the power at   the moment when thf« 
brino reached a  contact point  near  the crucible.     A hole   In the bottom of  the 
crucible permitted easy flow of the quenching liquid  through th» crucible 
around  the   «nuill  beryllim »ample,   thus cooling  it  very rapidly. 

V.     MECHANICAL STRAINING 

Various modes  of deformation were employed during  this  programi    bending, 
rolling,  compression, and tensile straining.     In acme  limited cases,  while 
working with polycrystalline beryllivjan where only qualltrntlve  information was 
sought,   the  specimens,  about 0,S HB  thick,  were bent around a cylinder of 2 
inches  In diameter.    This  introJuced  sufficient  strain to   insure the presence 
of dislocations,  but  the strain was distributed  Tery  inhomogeneously.     The 
specimens  cracked at some places or  were strongly deformed,  while other sec- 
tlore  remained  practically flat. 

Cold  rolling of polycrystalline  specimens also permitted only crude, 
qualitative   Interpretations of  the resulting dislocation patterns.     An attempt 
was made  to  tensile strain small  berylliimi single crystal  strips of coamercial 
purity.     Th» se  strips already showed many fine cracks along the basal plane 
before  st'    ining.    A specimen selected for the tensile  test,  apparently free 
of  those c.'acks,   fractured along the basal plane at a strain of less than 0.1%, 

Flat,   thin  single crystal   strips have been deformed by compression with a 
hydraulic  press.     The specimen was  held between plain,  soft   iron plates,  so 
thp*   the compression axle was  perpendicular to the  flat  surface of the speci- 
aen.    Since  the  crystallographlc  orientation of the  sjecimens deformed  in this 
way was  such that the basal plane formed an angle of ^5° with the  flat face of 
the specimens,   the based  plane  was  also  Inclined ^5° with respect to the  com- 
pression axis.     CompreEslon loads of  50,000, 75,000,  and  100,000 psl  were  used, 
leading to  a reduction  In specimen  thickness of approximately 4, 6,  and  8 to  101, 
respectively. 

The single crystal tensile  specimens  (Figure 9)  of high purity   (see Section 
II-C)   have  been deformed by means  of  an  Instron Tensile Testing Machine,  with 
automatic  stress-strain recording.     The specimen was held by especially designed 
grips around   its  conically widened  end  sections.   Insuring proper alignment  of 
the crystal  with  the stress axis.     Markings on the  surface of the apecimen along 
Its gauge  length  permitted,   in addition, a differentiated determination of strain 
along the  apecimer.. 
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VI.     DISLOCATIONS  IN PECHINET FLAKE BERTLLIUM  (PCLYCHTSTALLINE) 

The  study of polycrystalllne  speclffl^ne of vacuua-melted Pechlney  flake  be- 
ryllium can only be conrldered  aa  a qualitative survey,  but,  nevertheless,   it 
gave  iaportant  reaulta and   indications of the behavior of dislocations   in be- 
rylllua.     Pechlney flake  is  of  relatively high purity   (•■"•0,06$ Impurity con- 
tent;  compare  Section II).     From electron diffraction,  etch patterns and  the 
length of dislocation»,   it   is concluded that  the  polycrystalline specimens 
studied  had a  somewhat preferred  crystallographic  orientation.    The basal   plan*» 
often was approximately perpendicular  to the direction of  viewing. 

A.     Specimens as received,   that  were subjected  to an uiutnown heat  treat- 
ment and mechanically deformed during the process of machining,  revealed  many 
dislocations.     These dislocations  were,  however,   distrltuted  rather  unevenly 
throughout  the  samples.     Areas almost  free of dlsloc^tionf  bordered on  reglor.t 
of rather  high dislocation density. 

Typical micrographs of  Pechlney flake,  as  received,  are  shewn  in Fig- 
ures  10,   11,  and 12.    Narrow,  elongated loops,  a  few  Angstroms  In width,   are 
seen near glide dislocations;   their  length varies  from about   50 to ^OOOA. 
Further, many dark dote  are  not«d;   their diameters may  be as  small  üJ   

c£)n or 
less but were not observed   larger  than 200*.    One   is  tempted to  Interpret  them 
as   impurity  clusters.     However,   sine«  th^se dots disappear as soon as  the  dif- 
fraction conditions are not  suitable  for dislocation contrast,  it   is  therefore 
concluded   that  those black dots  are  small dlsloration  loops.    Whether  this  phe- 
nomenon  is  caused by vacancies,  by   impurities,  or by both,   is difficult  to  de- 
cide on the  basis of studying only these specimens.     There  seems to be eviience 
thit many  dislocations are anchored   (see arrow  in Figure  10),  and  the   Impurity 
hypothesis appears the most  likely one,  since  some of  the glide dislocations 
are drawn out  for large distances.     It  is conceivable that  this strong pinning 
force can be  caused  in various ways by an impurity cluster or precipitate.     The 
dislocations  visible  in these micrographs are predominantly straight.     If 
curves,   they have either a   largo  curvature  (i.e.,  a radius of about  1 ^  or 
greater),  or  their curvature   is  very small  (radius  of  a  few thousand  Angstroaa). 
Dislocation cusps, which are  obviously anchored,  are   frequent,  and  their  length 
may reach  nearly 1/* .     Most cusps,  however,  have a  length of a few thousand 
Angstroms,     Sharply kinked  dislocations,  often  In  the  shape of a  "V",  occur   in 
largo numbers.     The angle between the  legs of the   "V"   is betweer  20° and   100° 
of arc. 

In  speclmons where  obstacles  are comparatively  rare,   the  dislocations 
have a pronounced  tendency to  align along crystallographic directions as deter- 
mined by electron diffraction.     Further,  the dislocations  are always  Lmnobile 
at  the  stress  created by  the high   intensity electron beam   in the microscope. 
These observations point  to a high Pelerls-Nabarro  force   in beryllium.     The 
dislocation  structure described  gives direct evidence for an extraTiely effec- 
tive dislocation pinning.     It appears that sometLmes dark  spots are at  the 
anchor  points of dislocations.     In this context,   it  is  of  particular  signifi- 
cance  that most  of the narrow,   long  loops,  the  "V-shaped dislocations,   and 
the drawn-out  cusps are pointing  in the same direction. 
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Figure  10 - Dislocations   in polycryatalline beryllium sj-oclawn   (fechlney 
flaxe,  as  received).     Arrow   indicates  pinning of glide dis- 
location.     ^0,000:1. 

Figure  11 - Polycrystalllne  Fechiney flak© specimen.    Many fine dots 
vlsltle are  recognized as dislocation  loops.    40,000:1. 
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Figur—  12 -  Bundles  of   ilalocatlons   In  polycrystalline  Pechlney 
flaxe  beryllium.    ^0,000:1. 
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In pr^vloua papers,  a particular type of   Interaction between  dinlora- 
t ions  and point defects and  their aggregates,   named   "mushroomIng'',   has been 
described   (Hef,   1),     This   leaJs to  Jlalocatlon  tangles with  Interspersed  pris- 
matic   loops.    The Fechlney  flake specimens described  here exhibit  such disloca- 
tion tangles with Interspersed  prismatic  loops,   in many respects so  similar to 
those observed  in f.c.c,  metals  that they are  also believed  to be  the  result of 
'•mushrooming".    Typical  for  such dislocation  tangles are the  long  narrow loops 
(see Figure 11) which have  previously been explained as the result of  a combined 
glide and climb mechanism   (Ref.  2),    These dislocation loops  in the tangles, 
which presumably are always at  right angles to their Burgers vector,  have only 
one direction in Figure  11,     This observation seems to rule out an alternate 
interpretation,  namely,  that dislocation  interactions between two  systems are 
responsible for the tangles,  and thus mushrooming remains as the most  likely 
explanation. 

The presence of  long,  narrow dislocation  loops has been observed  in 
recent years  In a nunber of deformed crystals.     In f.c.c. metals    the  loops are 
lying parallel to the <112> ,  trailing behind  screw dislocations.     Their long 
portions,  therefore,  have  edge  character and  are  of opposite  sign.     Since 
various mechanisms have  teen proposed to explain  the formation of the   "dipoles", 
as  these  long narrow loops  are now being called,   It  Is of  Interest  to  study 
the  spectrum of widths of   dislocation dipoles.     Some micrographs of  Fechlney 
flake,   like Figure 11,  have been evaluoted  for  this purpose and  the  loops 
countered are tabulated   in the histogram.  Figure   13. 

To appraise this  evaluation,   It  should  be remeabered that  the  crystal- 
lographlc orientation of  the   Individual crystal grains was not known.     Some 
loops may therefore appear   in an affine projection.     This will  not  affect the 
conclusion decisively,  however, because a nvsnber of very long, but extremely 
narrow,   loops  leave no doubt of their dlpole character.    Loops  that are listed 
as  having a width of  50A are not resolved   In the micrographs.     Their  widths may 
actually be »taller,  down  to  atomic dimensions.     They are recognized   to be 
loops by  their contrast,  by their alignment with  1''ng resolved   loops,   and by 
occasional flared sections  along their  length.     Narrow loops of extremoly short 
extension  (<100ä)  are  not  considered  In this  study.    They may be of  a differ- 
ent  nature than longer dipoles,     A small  fracture  of the  loops counted  are open 
loops;   that means that  th^y  sre actually  long,  drawn-out double dislocations, 
as   for   Instance seen  in Figure   13.    They are  listed as  "loopsa"  when  their 
length-over-width rat^o exceeds th*» value  S     The total  area of the micrographs 
evaluated  amounts to 25A''',  equal  to a specimen  vnlurae of  5A« - .     The  vertical 
markers   in the histogram  rep r^^nt  the n\x«ber  of   loops that were countered  hav- 
ing  a  given width.     To  facilitate  the   interpretation of  these  values,   the  range 
of  loop widths was divided   Into   intervals of  100  Angstroms,    The  number of 
loops  counted which fall   into the ßiven  interval   is   Indicated ty the  broken 
line   in  Figure 11.     This  histogram represents  the  density distribution of  loops 
as  a  function of their  widths.     It   is apparent  that the number of   loops with 
width   < 50n   increases   sharply.     The   ilalocatlon   iensity  in these micrographs 
has been m»asurfd and   Is   found to tie  3 x  10" cm/cm-'.    The contribution of the 
narrow  dislocation dlpxsles with widths   < 50A   (and  lengths up  to 0,6^)   to the 
total   dislocation density  amounts  to ^ 40$,   small   short-length  loops   (width and 
length    < ciOA)  contributing  less   than 21. 
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f .     In order  to   study the behfivlor of  dislocations  In Fechiney  flake beryl- 
lium,  deformations  present  in th*» speciaiens whan received had  to be annealed out, 
"orao electron microscope sirecimons were prepared from annealed an4 furnace-ctyoled 
nuiterlal before   It  was  strained.     Very  few dislocations have been seen  in this 
unstrainfd beryllium,     A peculiar pattern of elongated markings  parallel to a 
certflln direction was observed  in many electropollshed specimens,  Figure  14,    It 
is  evi lent that these markings result  fro« the polishing procedure.     Precipitates 
may have formed preferably along the dislocation sites which were due to polygorv- 
ization,  and the electropolishlng process  then reveals those  sites as etch pits, 
as shown,    ?ome   impurities,  their nature not  identified, were seen in similar 
samples.    The  impurities  have precipitated  preferably along sub-grain boundaries, 
Figure 15. 

Annealed Pechlney  flake specimens  that were deformed by bending around a 
("ore of 2n diameter  were electropollshed  and studied with an optical microscope 
at l^Ox  magnification.     The surface of the  specimens showed many slip lines which 
for each grain belong to one glide system only   (see Figure 16),     After thinning 
the specimens down,   the  electron microscope revealed many dislocations of widely 
varying density.     Dense bands of dislocations  running nearly  paralxel to each 
other bordered  on regions almost  free of  dislocations.    Some regular dislocation 
netwoiks developed.     It   is presumed  that the dislocations  in Figure 17 represent 
basal glide with Burgers vectors  Inclined   120° to each other.     This could not be 
measured,  since an  electron diffraction pattern was not obtainable.     On the 
other hand,  the basal  plane  is the major  slip plane  in berylliv»,  and  the long 
dislocations  suggest  the  conclusion that  the  specimen has a   (0001)  orientation. 
On many  inte.'sectlons,  no dislocation reactions  seem to have taken place, but on 
a small fraction of  intersections,  the original four-fold nodes  had clearly 
split  into three-fold  nodea  (see arrow in Figure 17),    This  Is of particular 
interest for three reasons: 

(1) For metals with a low or moderate stacking fault energy, three- 
told noies  should be  clearly extended.     No  indication of extended nodes, however, 
was found,  nor  have any dislocations been  seen which were split  into partials. 
Thus,  tho stacking  fault energy of berylliun must be high.    Referring back to 
the discussion of dislocation tangling,   it  should be noted  that  the  presence of 
tangles   In the Fechiney  fiaxe beryllium,   as received,  and   its absence  in the 
specimens discussed  here,  rule out  the explanation that the  dislocation tangling 
la  somehow dependent  on the magnitude of  the stacking fault energy,   since there 
cannot be tnat auch difference between the  specimens  in which evidence of tan- 
gling was present  and  the specimens  that   show dislocation networks without tan- 
gling.    There are annealed  specimens  where  irregular dislocation patterns have 
formed,  resembling  that of material   "as  received,11    The dislocation density in 
these specimens,  however,   Is  too  low to  permit conclusions  concerning the llke- 
I Ineas of  tangling  at  higher stresses, 

(2) The observation that  the dislocations shown  in Figure 17 
have  Interacted with each other proves  that at  least two different slip sys- 
tems are  Involved.     Norethelese,  :o tangling  has taken place,  while the die- 
locatlcns  In the  tangle  of Figure 11  presumably belong to only one system. 
This   Is  a further  argument  that neither   the  formation of  intersection Jogs nor 
dlslccat'.cn  interactions  can be the mav'or cause for the dislocation tangles. 
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Figure   U -   Pattern of etch  pits   In  annealed,  unstrained  Fechire>  flak* 
beryl] ium.     30,000:1. 

Figure  15 -  A string of  lapurlty  clusters   In annealed   Pechlney flske 
beryllium.    7200:1. 
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(3)     Although H  favoruble dialocatlon r«p   tion was  clearly  f.osfili.^.' 
betwoen the two  eystems  of Klpur^  17,  threp-fold no iea tuve not  fornn-d at   m/iny 
lisloratlon   Ir ,♦ err>r<ctlony.     This   Indicates  a   strong  frlctlor.al   stresp  on  the 
i Islocat lone,   wMch pr«v^nt£   the.ti  from  rotutlr.g wt   *A.e  four-fold   noics,   pr'-suc- 
Ing  that  the   j ialocat lor.3  all   lie   In  the   saaie  plane.     A^ain,   the  evld'.nre   of  a 
high  I eierls-Nabarro  force   In lerylHuu   if   present.     This   shoul 1  not   ^e  too 
surprising  In  the   light  of a  recer.t   thftoretical   investigation   (Ref,   3). 

^'ing  to   its   low  c  a  ratio,   the  basal  plane   in beryllium   is  not   close- 
packed.    Moreover,   it  has already  fecr   ■'ejucod  that  the  stacKin^  fault  energy 
on  the  basal  plane   is   high,   indicating  U at   th*»  stacKing  fault   position does 
not  re; r^s^nt   a  configuration of  effVctlv^  mlr.lann  energy   for  the   atoms.     Con- 
sequently,   the  critical   reaoived  shear  stress    :'   which  siij   along   fhp bi^al 
plane woula  taxe  piece   in  the  absence  of  dlslncetions must  bo  high,   and  with  it 
the Pelerls-Nabarro stress. 

C,     Fechlney  flaxe   speciaens  that  were  qut'ncr.ed   in   ice-water  after  being 
held at  a teirpernture  of  11C00C for   3r minutes  nlso   show  rows  of   ir.purlty  clus- 
ters,  sometimoE  along  sub-boundaries.     Occasionally,  these  sub-V-oundar^s  have 
leen annealed  out,   ano   strings of  precipitates  rmrain  in  the   lattice.     Thin 
presence of  those  particles  in quenched  apecLmens would   indicate that there  is 
a  considerable  amount  of   insoluble  material   present.     Their  average  diameter 
ia approximately  500Ä.     The nature  of  the particles has  not been  identified. 
The dislocation density  in these specimens   is  extrfjr.ely  low,  and  the disloca- 
* ions  form rather   irregular  patterns. 

Anticipating a  clustering   )f  point  defects at  elevated  temperatures, 
the quenched  material  was annealed  at  300oC  for two hours after  iefonoatlon by 
bending,   thinned  down,   and  examined.     Although  some  sjiall   loops  have  been  seen, 
the results ar« not conclusive sinr^ they  orrurred  together with   irregular ar- 
rays of dislocation.'*.     No eviier.ce  of  polygonization  is  present.     In the micro- 
graph,   Figure   IP,   an  avalanche of  dislocation?  originated  obviously  from  the 
large  ^recipithte  particle. 

Surface   Invest iga1-ion on specimens  frepareci  from vacuum melted  Pechir.cy 
:Nlake material  that  was   quenched from  1150oC,   strained by bending,   and  polished 
electrolytically   revealel  some  unusual effects.     Figure  19 shows an area covered 
wi»h  a  aeries  of   fine   straight  lines  approximately 0.1 mm  long  ard   pointing   in 
3  or <.   preferred  directions.     These markings  were  seen over large  surface ar^as, 
and   it   is not  unlikely that  they  r^presen'i  defonnntlon twins. 

VII.     DISLCCATIONS   IK BERYLLIUM 0?   COMMERCIAL FUHITY   (SINGLE CRYSTALS) 

The  cryst^llDgrtn hie  orientation of  the  single  cr>stals  that   were  studied 
is   rho.n   In  thf   atereographlc   projection,   Figure  20.     The  pole  of   the  flat 
apecizer.  surface   .s  m-irk^d   ' \'y,     kn   impurity  content approxim.ptely   10 times 
r.lgher    ^^.6^    'fan  th't   of  ^echjney  f löLKe  berylllvj» i.»   found  in  the?* crystals, 
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Figur*  I0 -  A   lan-T   IncluElon particle acting as dislocation source, 
(Pechlney  flakp  beryllium).     40,000:1. 
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Figure 19 - DeformHtlon twln.s In quenched find strained rochinty 
flake beryllium.  32^:1. 
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Figure 20 - Stereopraphlc  Projection 

(Indicating the Orientation of BerylllxjB 
iingle Crystals Used   in This Ttudy) 

It  has  been mentioned  already   (Section   III-A)   that  a  remarkably  uniform 
ilstrlbutlon of  fine  dots  seen  in electron microscope  s^ecimena  of this mate- 
rial  - annealed  as   well  as quenched  -   has  been   identified  as  artefacts, due to 
the  polishing  technique employed.     Nevertheless,  numerous  observations of  Im- 
purity  particles  have be«n made   in beryllium of conmercial  purity, while auch 
particles  are rarely  seen  in Fechin<»y  flake.     Inclusions,  opaque  to  the electron 
beam and  as  large  as  2/"   in diameter,   have  teen detected   in  thinned  specimens, 
thus verifying observations of other workers.     Figure 21 shows  a  series of  par- 
ticles with  diameters  ranging  from  0.1  to   Oo25/«   ,  as  seen   in  quenched  beryl- 
liviD  (commercial  purity).     The  shap« of  the  inclusion particles   is usually 
round, although  larger ones tend  tc be   lrr«gular.     A few particles with regular 
quadratic  shape have  also been  found.     Dislocations may  sometimes be anchored 
and  lociced  in place by partlclee  that are large enough to be clearly visible, 
'is  shown   in Figure  22. 

Dislocation  patterns appear quite  similar   In annealed  and  quenched  speci- 
mens when  studied   superficially.     As  a  rul^,  areas  of   ilslocations   in   irregular, 
tangled patterns with  sharp kinks and occasionally  long  straight  sections  are 
found   In  ^11   arecimens.     "loaer   inspection,   however,   reveals   some  significant 
J1fferences, 

A.     In  annealed   ana   furnane-cooled  crystals  that  were   ieforired by compres- 
sion,  a   lialoratlon   structure  as   shown   in  Figure  23   is  sometimes   found.     The 
basal  plane   is  *llted ^^0 around   the   [HOC]   direction.     Under  those conditions, 
single  slip  on  the  basal   plane  with  the  hungers  vector   1/2   [1120]    is  expected. 
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Mgure  21  -  Inclusions   In beryllium crystnls of  corar.prclal  purlt; 
Diameters ran^e  from C.l  to  0,2* p  .     t.^,000:1. 

& 

Figure  2.' -   Dls l^r^Mcr.*   plnr.rd  bv   sm.'» I ]   Inclusion  particles   In 
beryllium of  comncrcl«]   purity.    /.n,00^:1. 



The majority  of the  singlp dislocation» visible  in Figure  23 presunuiblj belong 
to  tnis slip syste-i».    Surprisingly,  a dislocation array of high lienslty in 
(2110)   ia also observed.     The appearance of this  atructure would  suggest  that 
some unpredicted  slip, also on th*> basal plane but with bj =  1/2   D.2101 ,   has 
taken place and that dislocations  of theee two systems meeting in  (2110)   hare 
reacted  as  1/2   [1120]  ♦ 1/2   [l2lo]   = 1/2   [2TI0]   to form a wall of edge disloca- 
tions.    This dislocation wall represents a strong obstacle against further slip 
on the primary slip bystem. 

Since the specimens were  deformed with a compressional force normal  to 
their own plane,   (21.10)   is a  likely  fracture plane.     It   is tempting to speculate 
that the high density dislocation array in Figure 23 represents an  incipient 
crack  in that  same plane.     On the  other hand,  the dislocation array  in   (2TI0) 
co.ietitutes  a  "bend-plane"   (Ref.  /►),  the occurrence of which has been assumed  to 
bf  necessary  for  thp formation of cracus on  (OOOl),     The  condensation of edge 
dislocations   into walls of the  same  nature has been frequently observed   in this 
material as well as  in Pechiney  flake specimens   (Figure  12),    They are found  to 
be much more pronounced   in high  purity  specimens  that were trnsile-strained,  as 
described   in Section VIII. 

The dislocation structure   in Figure 24,  also  found   in an annealed and 
compressed crystal, appears to be  similar but may,  however, be of a different 
nature.    The difference  in dislocation contrast on both  sides of the wall  indi- 
cates that  the crystallographic misalignment across the  wall  is stronger  than 
was  found  in the micrograph, Figure 21,    Slight tilting of the specimen  in the 
electron microscope increases the contrast of the barely visible dislocations, 
while the dislocation contrast on the other side of the wall  will fade out.     No 
such pronounced angular difference  has been observed   in  the  "bend  plane" dislo- 
cation wall  described above.     Therefore,  Figure 24 most  likely shows a sub- 
boundary. 

It   is difficult to enumerate all dislocation observations nuHe  in an- 
nealed  and  deformed crystals.     There are sections revealing long strands of 
almost  parallel dislocations,  observations of  incipient  networks,  and many 
cases of no apparent regularity  in the dislocation structure.    The dislocation 
density  is very  inhomogeneoue throughout, at  low as  well   is high deformation 
stresses.     In specimens where a high dislocation density   is found,  tangles arf 
uaually  present.    Pmall  loops,  sometimes of  irregular  shape,  are seen  whenever 
irregular dislocation structures  ore encountered.     Figure 25,  taken from a 
specimen of a  series deformed by compression about  Btt   has a measured disloca- 
tion density of 7 x  10° cm/cm-%     Many dislocations  lying  in zig-zag formation 
Indicate a  complax deformation mechanism;  their three dimensional arrangement 
could  not be  concluded  from this micrograph. 

During the electron microacopic  investigation of  thece crystals,  one 
of  the  few rare cases of a dislocation moving   in  the electron beam wns  noticed. 

B,     In order to  investigate  the possible   influence  of vacfmcies on  the  dis- 
location behavior,  specimens of  the   bame  purity and  orientation werf quenched 
and  deformed  by compression.     In  apeclmena  that   were quenched  manually  fro« 
11500C  in  ice-water and deformed,   dislocations due  to  the quenching strain as 
well as  those due to mechanical  deformation were present,     Quenching disloca- 
tions are usually found to  lie  in  the basal  pl?ine   in the   [ll20j direction. 
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i.i.r.»  21 -  Dislocation  wall   lying   in a   (2lTo)   plane.    Specimen 
JS5  ».nnealed,   furnflr e-cooled,   nni    lefonccd by com- 
j-rf-Jb :on.     4 ' ,00C :1. 

ri^-ure  2/« -  Lisloratlor.   wall   In ar.  or.nealei   ar. i   compressed  terylliun: 
crystnl   of  coninieroial   purity,   refresentlnp a  sub-boundary, 
L   ,000:1. 
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3 Figure 25 -  riblor'itlor.  patt^rr. of hlph density   (ca,  7 x  10'  c^/cm 
in  qn annealed  ani compressed  berylliun single crystal. 
Deforaatl^n  of  sample  was Si.     /.n,00C:l. 
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{■erpenUcuIar to the axis of the basal  plane  tilt.     Quite often,  thoy  reveal a 
slight wavlness or even spiral  character,  as seen  in Kigure 26.     Th^se discon- 
tinuities are not due to a diffraction phenomenon but are  real,  as already noted 
in Section VI-C.     In Figure 26,  both types of dislocations are present,   inter- 
spersed  with particle  inclusions.    Dislocations due to quenching  strain are 
found   to te much aore nviaeroua when the quenching  is rapid,  as done with the 
quenching apparatus described   in Section  IV,    Such dislocations are  seen  in ai- 
erograph Figure 27,  taken from a rapidly quenched,  undeformed crystal.     Among 
the more  complex dislocations   (still  in the general   0.120]  direction),  small 
loops are occasionally found. 

Rapidly quenched crystals have been defornod as usual by compression 
with a  load of  100,000 psi,  the compression axis being at an angle of ^5° with 
the   [112Ö]   direction  in the basal plane of the crystal, resulting   in a relative 
reduction In specimen thickness of approximately  10%, 

Striking  is the high number of rather  large,   irregular  loops  and 
spiral-shaped dislocations,  with winding diameters of 0.2/1   and  larger, that 
were  found  in thinned down  specimens  (Figure 28),    Smaller  loops,  down to  100 
or even  50Ä in diameter are   in evidence.     One  specimen of the same  orientation, 
receiving the same treatment,  revealed a rather dense network of dislocations. 
The directions of the two  sets of dislocations  creating this network  form an 
angle of 60° with each other.     Areas with regular networks border on regions 
with more  irregular dislocation arrays,   interspersed with loops, 

Hetivy deformation resulted  in local  lattice tilts and  lattice rota- 
tions   in some  areas   in the   specimens.     They were  noticed as defined   regions, 
about   1/i   in diameter,  that changed contrast with respect to the  lattice matrix 
wher   the  sreclmcn was rotated   in the electron beam.     These regions  were bordered 
by  areas of high dislocation density.  Figure 29. 

Prom micrographs of  very thin specimens,   it was concluded  on  the basis 
or   dislocation contrast with respect to extinction contours that approximately 
equal  numbers of dislocations with positive and  negative signs are  present  in 
these  s^eclaens. 

Some  auxiliary studies have been conducted  on the  formation of polygon- 
liatlon  net.r)rk3.     Annealed  single crystals of  commercial  purity,  about 0.? am 
thick,  with the basal   plane  inclined ^5° with respect to the flat  surface of the 
speclaens, were compressed  with a load of  100,000 pal.    They were then wrapped 
in  tantalun foil and   sealed   into a quartz  tube  with a Purgon atmosphere.     The 
tube was  held  at a  temperature of P00oC for  30 minutes to obtain polygonization, 
and   then  cooled   in air. 

As expected,  hexagonal networks have been observed,  with hexagon diam- 
eters  varying  from  180 - 4000A  (Ref,   5). A survey of the alcrographs  obtained 
^ives  no  indication of open nodes at the cross points of the networks,    Oislo- 
cation groupings forming tilt boundaries were also observed   (see Figure  30). 

Some  surface observations on crystals  of comroorcial  purity are worth 
noticing.    Crystals   deformed  by corr.presslon regularly showed bands of  slip lines 
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Figur e 26 -   Disio^nt iond due  to quer.crlng  unl  ajechonical   ieformalion 
in commercial  purity  berylliun.     Specimen was  manually 
quenchei  In ice-water.     40,000:1. 

Figur 11 -  L'isl ocfit l"ri.5    '.   ". un Jr^'onneJ  rr/.'.ul   sutj-'cted   to  rapii 
juencnin^.     u   ,000:1. 
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figure 23 -  Rapidly quenched crystal of commercial purity,  d^fontf*! 
by compression ca.   10^.     Note  larpe  irregular d lalocitl?n 
loops and  spiral-shaped dislocations,    /.Ü,000:1. 
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i^ure 29 -  Heavy  lattice   ie'.'omation   in a quench^i  inJ  deform'?^ 
beryllium crystal.    40,000:1. 
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Figure  30 -  Hexagonal  dislocation network due to polygonltatlon  In a 
single crystal  that  was deformed  by compression and  re- 
annealed   at 800oC fir  30 minutes.    40,000»!. 
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after electropollBhlng, when Investigated under the optical alcroacope.     In a 
flpeclmen where  tensile  straining had been  attempted,  these  slip bands were  con- 
fined to the  iminedlate fracture tone   (fracture occurred here along the basal 
plane with  less than C.lt strain accomplished).    The surface of  cold  rolled 
crystals wa» to about  J0% marked with twins after polishing.    Many fewer twins 
were foux>i   In crystals deformed ty compression. 

A single crystal of a different  orientation,  the basal  plane perpendic- 
ular to the  flat  surface of the  specimen,  was annealed at  11500C for one hour 
and allowed to cool   In the furnace.     After electropollshlng,  the  specimen was 
Investigated with an optical microscope.     A substructure elmilar to that observed 
frequently  In line wa»  found   (see Figure  31).    A network of elongated cells  is 
formed, with the basal plane trace  in  the direction of the  longer cell dimensions. 
Undoubtedly,  these cell boundaries are due  to a concentration of   impurities 
(probably aluminxji or  iron)  produced  during the solidification and annealing proc- 
ess.    Similar observations  have been made on  sine where this  phenomenon has been 
extensively studied   (Ref.  6), 

VIII.     DISLOCATIONS  IN HIGH PURITY BERrLLIUM  (SINGLE CRYSTALS) 

A.     Specimen  1:     A single ctj       I   tenslU   specimen was made available  for 
electron microscopic  studies after it  had been tensile strained  in The Metal- 
lurgical  Laboratory of The Franklin  Institute,    It was spark machined from 
vac\n»-dist 1 lied beryllium  (supplied by  Nuclear Metals,   Inc.)  a^tf"   receiving 
one fast rone-refining pass.     Its basal  plane and   [ll5o]   directlo.:  previous to 
straining were  Inclined ^5° to the specimen axis.    The specimen was strsined to 
fracture, which occurred along  the basal  plane.    Its elongation amounted  to 
32,3t,    Figure  32 shows a micrograph characteristic for the fracture surface. 
Microscope sceclaens were cut  from this crystal parallel to the basal plane by 
electrolytic techniques.    The first specimen of this series was taken from the 
section adjacent  to  the fracture plane,   its polished thin area approximately 
30^« distant from this plane.     Other specimens, cut from sections farther down 
in the crystal,   revealed,  however,  the same details. 

Very characteristic are dense bundles of dislocations,  their direction 
being parallel to   (1120)  planes and perpendicular to the direction of slip  (Fig- 
ures  33 and  %),  thus   identifying them as being composed of edge dislocations. 
The length of these bundles ranges from approximately 1 to  10/" ,  with an average 
length of  5p»    Their width  is  approximately 800A.    About  four bundles were 

high.    Assuming  a thickness of  2300) 
counted within an area of 100/* ,    The  dislocation density within  the bundles  is 

XM  for the  specimens,  the maximum observable 
dislocation density   is calculated  to  be  1011 cm/cnK,    This density  is exceeded 
within the bundles.     Occasionally,   it can be observed that  the contrast of the 
dark bundles changes  to a very  light  contrast when the specimen   is  tilted 
slightly  in the  electron microscope,   indicating a large amount of"  shear within 
the bundles.    Typical dislocation densities between_the bundles  range from 
6-11 x  Kr  cm/cm-'.     Making use of the  formula Y =pbSf  the average travel 
length X  for dislocations can be calculated,   p    is  the dislocation density,  b 
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Figure   31  -  Substructure   In annealed fcerylllun elnple crystal of com- 
mercial  purity.     Cell   boundaries are due to a concentra- 
tion of  Impurities,     350J1. 

Figure   32 -  Fracture surface on beryllium tensile  specimen.     300il, 
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F lgur<   33 -  I^en^p hurdles of 'Uslocations  In a high purity lerylHum 
tensile speciaen,   lying  in the basal   plane  parallel  to 
(112C).    12,500:1. 

' Ipure   3/.  - Lonp  straight ani  kinkei dlsl^ratlor.s between  dense 
lislocation buniles.     /.'",000:1. 
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th« Burgera  vector, and    Y the resolved  »hear atrain,     With a opeclaen  thlck- 
neaa of 2500A and a density of  ICr" cm/ca\ a dislocation traTel  length of  30/* 
Is  calculated, 

A striking alullarlty  Is  noticed between  the dislocation bundles de- 
scribed  here and  the dislocation wall  shown in Figure 23.     Note that  the dls- 
locatlone  between the bundles  in Figure 3i are «uch longer than those  In Fig- 
ure 23,  becauae the basal  plane   Is  viewed perpendicularly  in Figure 3^, while 
it appears under an angle of /,50  in the ilcrograph  in Figure 23.    Sharp kinka, 
as  have been observed  in other aasiplea of different  treatment, are again pres- 
ent  in addition to dipolea or  long  loops.    Soaetiaee, more  or less  regular net- 
works are  formed,  for which Figure  35 gives an example.     A  larger precipitate 
particle acting aa a source  for dislocation loops,  spread out  in the direction 
of  slip,   is   seen  in Figure  36,     Observations on this  specimen have been veri- 
fied  by a comprehensive atudy of  apecimens 2 and  3. 

B.     Specimens 2 and  3» mentioned  in Section  II-C of  this  report, were ob- 
tained  from tho center of a bar which was subjected to 3 Lx  zone-refining passes, 
The zone-refined bar was made from distllled beryllium.     After spark-machining, 
the tensile specimens were electropolished,  removing an additional  5 mils  from 
the surface of  the specimens.     An   indication of  the purity of the material  may 
be given by the estimated  resistance  ratio 

RRT 

U.20K 
=  300-350 

This  estimate was made by  Nuclear Metals,   Inc.,  who supplied  the ten- 
sile specimens 2 and 3. 

Specimen 2 appeared to be slightly bent when received.    Optical micro- 
scopic   inspection of the  surface  revealed clear traces of  intersections of 
basal plane with the cylindrical  surface over  its entire  length.    This cannot 
be taken as evidence that the  specimen had been deformed accidentally, since 
polishing may produce this effect also.    Some small  etch pits observed were 
considered  in&ignifleant for the following studies.     The crystallographlc 
orientation was determined  by a Lau« back-reflection.     The basal plane wa« 
found to form an angle of 39° with the axis of the specimen, tilted around 
the   fllOO)   direction, so that only one glide SYfltey  [112Q]   was expected to be 
operative  in the tensile test.     The overall length of the  speclmei. was slightly 
less than 1  inch, with about  12 m gauge length.     The thiclcness varied along 
the gauge   length of the specimen froa 2,62 mm diameter to 2,72 am, with an 
average diameter of 2.65 nun.     During the tensile  test,  a  strain of 21$  (meas- 
ured between  two gauge marks)  was obtained.    The atrain along the apecimen waa, 
however,  not uniform,  ranging from 2% at one end to almoat  32$ near the center 
part.    The apecimen did not fracture during the teat,     A m&xlmun stress of 
2,^7 kg/ma^   (3530 psi) was measured.     After the tensile d«formation,  the new 
orientation of the basal plane was determined.     It was now found to  include an 
angle of  30° with the specimen axis  in regions of heavier deformation, and  37° 
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Figure )5 - Dislocation network found between dense islocation 
bundl s. 90 ,0CXhl. 

figure )6 - A precipitate particl e acting as source for dislocation 
loops in a high purity tensile specimen. 40 ,000 :1. 

40 



in regione vbere the deformation vas alight. Slip linea with clearly discerni
ble atepe vere Tiaible in the optical microacope. Only baaal plane slip could 
be detected in this va1. 

In order to prepare electron aicroacope epeciaena, thin slices (0.5 ., 
thick) have been cut troa the crystal parallel to the (0001) basal plane, and 
others parallel to the (lOio) pri81l plane that vas subjected to maximal strain. 
Cutting vas done by means of a •park cutting aachine. Tranaaission speciaens 
for electron aicroscopic investigation have been prepared from the center or 
the alicee, thus polishing ott anr possible surface daaage done during the cut
ting. It vas noticed that frequently cracks opened p in the samples during 
the polishing proce!s running parallel to the basal plane. In fact, speciaens 
cut parallel to (1010~ fractured very ea.e111 along the basal plane, even vith 
no apparent stress applied. 

The dislocation pattern of aicroscope specimens cut parallel to the 
(0001) basal plane froaa this sample resembles closely that of speciaen 1 . Long 
drawn out arra1e of edge dialocations and a large numb~r oi dipoles and long 
loops vere observed, their long portions likewise having edge character. Dis
location bundles vere formed of a high density, as have been observed in speci
men 1 , as vell as bundl es that were formed in a aore loose fashion, shown in 
Figure )7. 

A characteristic pattern of kinked edge dislocations , their kink& con
nected by screw dislocations, is shown in Figure .38. It ba aleo been observed 
in the diffraction electron aicroecopy of zinc (Ref . 7). Host atriking, bow
ever, ia the formation of long dipoles (see Figure J9}. That their long sec
tions are edge dislocations of opposite sign 1 concluded from their direction 
at 90° t o the main slip syst• and t "" cha.nge of contrast between their co-.
ponents. The stable position for parallel edge dislocations of opposite sign 
ia, because of the hexagonal anisotropy, slightly different from 45°. It is 
calculated to be 46°5' as aeasured froa the basal plane (Ref . 8}. I! 1a safe 
to assume then (and this view is supported b.1 ~crographs of the (1010 ) prisa 
plane) that the cca~nents of the dipoles observed lie in basal planes separated 
by approximately 250X, i .e., under an angle of 46° to the [llioJ direction in 
the basal plane. 

Tb forces between th parallel dipole sections have been calculated. 
Th force compon nt in the basal plane for the stable configuration is zero, 
vhile th force component perpendicular to he basal plane amounts to an at
traction of 4.8 x }0-.3 dyne/~ • This value is baaed on the elastic constants 
of beryllita measured in 1956. It aay be in error to the extent that the 
elastic constants of the material investigated here are different fro- those of 
berylli\11 available some years ago. 

Tb dipol es appear to be twillted at some points, and interactions with 
dislocations, possibly belonging to another glide system, are visible. Man7 
di elocat ioOB are ~ing in (1100> directions, having< ~O> Burgers vectors. 
The angles between kinked dislocation eectiona quite frequentl1 aeaeure 60° or 
120°, respectively . It should be remem ered that dislocatiorus l11ng in the 
prisa plane, if present, could not be seen in these speciaens, ince the7 are 
cu per pendicular to th (llOO ) plane . It is likely that the zig-zag disloca
tion shown .in Figure Y} is part of a screw dislocation , anchored at the kinlcs 
by lattice iaperfectio • 
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Figure J? - Dis locati on bundle composed ~f a less dense srr~y of 
edge isloc&tions . 40 ,000 :1. 

F\gure 38 - Disloca ion pa ern in high purity beryllium tensile speci
men . . No several barely visible dislocations joining kinks 
ot t~o ne ighboring edge dislocetions. 40,000:1 . 
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Figure  3^ -   Dipole  formations  in a  high purity beryllim crystal, 
^r,000:1. 
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Figure ^0  Is a micrograph of a specjaen cut parallal  to the prism plane 
(lolo), as   Indicated by  its pole, marked  "C" in the stereographi.c projection, 
Figure 20,     The  glide packet traces  shown mark the basal  plane.    No other dislo- 
cation, Justifying the assumption of slip on prism planes, could be detected. 
Quite frequently, the glide packets reveal long dislocations with dipole charac- 
ter,  the projected distance of the dipole components being  in the order of 250A. 
They may therefore be perpendicular projections of dipoles as shown in Figure 
39.    Thicker glide packets up to 4000A are present.    Occasionally, strand» of 
packets even as wide as 1/* were seen.     An average distance between neighboring 
glide packets  is  1.5^.    The assumption that the majority of dislocations are 
concentrated  in the thin glide packets would give travel  lengths for the dislo- 
cations even greater than previously calculated   (a value of  30^  had been cal- 
culated under the assumption of uniform dislocation density). 

Specimen  3,  identical  in purity with specimen 2,  was of comparable 
length.    Its diameter was smaller,  ranging from 1.9A mm to 2.18 mm.    The basal 
plane was  found  to form an angle of 45° with the specimen axis, the tw9 <1120> 
directions on which glide was expected to occur lying with 3° accuracy sym- 
metrical to the axis.    The tensile axis of this specimen is marked  "B"  in Fig- 
ure 20,    A series of cracks was  seen at one end of the  specimen near the grip 
section, the cracks following the outline of the basal plane traces. Figure Ä1. 
However, when strained, no fracture occurred.    Practically no elongation was 
measured  in the region of the cracks, but they could optically be seen to have 
slightly widened.    Maximum strain at one section along the crystal was near 
28^;  overall  strain between gauge marks was 12$,    The study of the surface 
after straining again revealed slip lines.    It  is  interesting to note that the 
rather weak  slip lines near the cracks   (low deformation)  do not follow exactly 
the direction of the cracks.    The  slip lines in most regions of the crystal 
were rather straight, marking the basal plane.     In one  small  region, double 
slip was found  to be present, owing to glide on both the basal plane and a 
prism plane   (Figure 42).    The oblique angles in Figure 42 are due to the fact 
that the   (lOlO)   plane on which the double slip wa,1? observed  Is seen under an 
angle, and  the  »lip traces are  projected on a cylindrical  surface. 

Electron microscope specimens were cut from this crystal again paral- 
lel to the   (0001)  basal plane and  parallel to a   ^lolo)  plane on which double 
slip had been observed, 

mm 

In micrographs viewing the (1010) priam plane perpendicularly, no sig- 
nificant difference waa detected when compared with similar micrographs of 
specimen 2, in which only one slip system was operative.  Thick glide packets 
were few, thin dipole-like projections being the rule (Figure 43). An indica- 
tion of the distribution of the glide regions as projected on the priam plane 
is given by Figure 44, which is taken at four times lower magnification than 
Figure 43»  Dislocations on the basal plane form the already familiar bundles 
of edge dislocations, dipole formations similar to Figure 39, loops, etc. 
Figures 45, 46, and 47 give an indication of the variety and coirplexity of 
formations.  Series of large dislocation links of high regularity were ob- 
served with radii of 0.5 to 2f^ ,    The dialocntion structures in Figure 45 de- 
serve particular attention.  The straight sections of the kinked dipoles lie 
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Figure 40 - Dislocation array as or. j^ tod on a   (1010)  pl«ne. 
AO.OOOil. 

Figure 41 - Cracks on the  surface of a  high purity  tensile cryst«» 
before straining,    260J1. 
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1 r 4 - Dtsloc · 1 n e rn pr~j c ed on (1010) 
for ion o d pol 0 ,000 : • 

- Disl 3 ions as s n on 
i on . 10 , : 1 . 
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Fi. re 1.5 - ipol ~ , vi wed in he direction o h c-axia. 

?1 re - DipoL for!llli :>n in hi puri y specimen . 40 .000tl . 
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Figure Ul -   Irregular ilslocatlon array with loops and  dislocation 
area   In a high purity crystal,    ^0,000:1. 
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in <1010> directions  in auch a manner  umo ona 01   Lliöisö directionö  is perpen- 
dicular to one of  the two active glide vectors   (i.e., parallel  to  the majority 
of  "bundles" and  long dlpolea);  the other direction is determined by the result- 
ant of the two active glide vectors.    Kinked dipoles of this  type are quite com- 
mon in berylllv« crystals and have also been found  in polycrystalline Pechiney 
flake.    Not always do double dislocations  lie  in an orientation with low cryatal- 
lo^raphlc  indices.     In Figure A6,  only the dislocation branches approximately  in 
the lower center of the micrograph and   in the section in the  left hand corner 
are perpendicular to a possible glide direction, while the resolved dipole in 
this micrograph points to  [1230],    That the components of this dipole are paral- 
lel and straight over a  length of almost  1^«   indicates an effective  locking 
mechanism,    Dlpolea of this type sometimes have been seen to be  "twisted."    Oc- 
casional dislocation movement was detected  during the electron microscopic 
study.    Dislocations moved rapidly, but only over short distances,  and appeared 
to be locked again  in their new position. 

IX,    DISCUSSION AND CONCLUSIONS 

This  investigation was  initiated   in order to examine the relationship be- 
tween dislocations and the failure of beryllium crystals.    The discussion will 
endeavor to evaluate the experimental material within the given scope, and no 
attempt will be made to cover completely  the numerous observations which have 
a bearing on the theory of dislocations. 

With regard  to the brittleness problem of beryllii», the following conclu- 
sions had been drawn from observations on dislocations after  some preliminary 
experimental work  (Ref,  9)»     (1)  Dislocation pinning, and,  to  some extent, dis- 
location tangling,  are the predominant features  in the dislocation behavior of 
beryllium crystals produced from Pechiney  flakes or from commercial material; 
(2)  The frlctional force acting on moving dislocations  in Pechiney flake and 
commercial material  is high as compared to hexagonal metals with a c/a ratio 
larger than the   ideal  flose packing;   (3)   The  stscking fault  energy   Is high, 
i.e., about 50 ergs/cm^ or more. 

The comprehensive work carried out  in the course of this   Investigation on 
specimens prepared  from commercial  material,  Pechiney flake,   and  high-purity 
material  has confirmed  the above  statements.     Extensive evidence  for the pinning 
and tangling of dislocations has been obtained,  and examples of patterns are 
presented by electron micrographs  In Sections  VI and VII, which describe the re- 
sults on Pechiney  flake and commercial beryllim.    Also,  the  fact that disloca- 
tions strongly prefer to lie parallel  to  crystallographic directions in samples, 
regardless of purity,  strengthens our contention that the frlctional force on 
moving dislocations  is high.    The third  point - the question of stacking fault 
energ;- - shall be elaborated on in more detail, 

A direct measurement of the  stacking  fault energy can be obtained through 
measurf-ments on  "open" nodes  in dislocation networks,    V.  D.   Scott   (Ref.  10) 
claims to have seen open nodes  In berylllxan and concluded that  the  stacking 
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fault •norgy  la  rather aaall.     The stacking fault energy    Xs Gb /2R, with G 
the modulus of rigidity, b the Burgers  vector, and R the radius of the stack- 
ing fault  forming the open node   (see Figure ^8)«     In order to obtain a decisive 
answer to this question, deformed  specimens  (coamercial purity berylliimi)  were 
polygonized  for  30 minutes at 8000C and examined by diffraction electron mi- 
croscopy.     Numerous networks were observed, but no evidence for open nodeo was 
obtained.     However, occasionally hexagonal networks exhibited contrast at one 
side of the  threefold nodes as  indicated  in Figure ^8  (shaded area).    Obvi- 
ously,  this contrast  is not due  to  "open" nodes, but  is caused by a diffrac- 
tion effect because of the distortion of the lattice near the nodes, provided 
that the orientation of the specimen  is asymmetrical with regard to the rela- 
tion between network and diffraction condition.     It  is known that impuritlis 
can change  the stacking fault energy to a considerable  extent.    Therefore,   it 
Is advisable not to generalize when referring to stacking fault energlea  in 
beryllium,   since little  is known about  the local distribution of impurity atoms 
In this metal. 

The brittle fracture of commercial and Pechlney flak* beryllim is gener- 
ally a cleavage failure along the basal plane.    All microscopical theories of 
brittle fracture assume the nucleatlon of a crack through  (1)  internal stress 
concentrations or  (2)  through the formation of voids.     Stress concentrations 
caused by dislocation nechanisms all employ dislocation groups on one or,  less 
frequently,  on two intersecting  glide planes, as well as small angle boundaries 
ending within the crystal, and,   finally,  interactions of dislocations with 
boundaries.     The dislocation patterns observed by diffraction electron micros- 
copy will  now be sssessed in the light of these concepts. 

The present study had been designed to compare the dislocation patterns  In 
brittle beryllium with those of ductile berylllvn, assuming that substantial 
differences  would exist.     In this respect, the Investigation may be considered 
successful  since,   indeed, marked  differences in dislocation behavior between 
high purity beryllium, on the one hand, and ccouBercial and Pechlney flake mate- 
rial, on the other, have been found. 

The moat prominent  feature   in the arrangement of  glide dislocations  in 
high purity  berylllua is their grouping into flat   "bundles" parallel to <1100>, 
i.e.,  they consist of edge dislocations,    A considerable proportion are di- 
poles,  which  is  in good agreement with the fact that no  internal stresses 
originating  from the clusters ccnld be detected by diffraction contrast tech- 
niques.     In addition, many dislocations are present having fairly large  link 
lengths and  often being almost  straight.     In contrast  to this dislocation pat- 
tern,  the diatribution of glide  dislocations  in Pechlney flake and commercial 
beryllium  is quite different  regarding both the appearance of  individual dis- 
locations as  well as their clustering.    The arrangements frequently observed 
are  Irregular boundaries, possibly similar to those observed  in pure fee metals, 
and  large  parts of the crystal volume filled with glide dislocations at random. 
In addition,  a smaller numler of dislocation groups and  small angle boundaries 
were seen,  and  these observations,  in particular,  are  pertinent to the brittle- 
ness problem.     Evidence provided by diffraction contrast   indicates not only that 
slight  differences in orientation exist between crystal volunes separated by the 
Irregular boundaries, but also that the dislocation clusters produce internal 
stresses.     It must be concluded  then that dislocations  of one sign are primarily 
present   in these groups. 
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Figur« ^8 - Schematic drawing of open node in a dislocation network. 
Only shaded area A has been observed in this investigation 
to show diffraction contrast, while for dislocations with 
saall stacking fault energy areas B and C also should have 
contrast, comparable to A. 
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The cause of the different dislocation behavior  In brittle as compared to 
ductile beryllium  la undoubtedly due  to the pinning of  ilslocatlona.     A pre- 
ponderance of pinning points along the dislocation  line not only will be re- 
sponalble for an  Increase of  stress to move tha dislocations an a whole, but 
also they provide for many potential diolocatlon sources.    The first effect 
causes the flow stress of brittle beryllium to be one order of magnitude higher 
than for  the ductile material;   thereby,  the sum of applied and internal  stress 
a priori   is very high, and already at the beginning of plastic deformation the 
combined  stress  lo  in the range of the frecture stress.     The operation of dis- 
location sources at these high stresses will undoubtedly be by the Frank-Read 
mechanism,  which would easily explain the presence of dislocation groups con- 
sisting of dislocations of one  sign in the brittle material.    The high impurity 
content of brittle beryllium  suggests that the pinning of dislocations  is  caused 
by impurities which are  in solution.    Another reason for the production of dis- 
location groups was  indicated by the observation of larger precipitates uhlch, 
because  of their different coefficient of thermal expansion, originate many 
dlslDcatlon loops. 

It  has become Increasingly clear  in the course of this study tha.  impuri- 
ties and  vacancies have a profound  influence on the multiplication of disloca- 
tions  in beryllivn containing different amounts of  impurities.    Since the  fail- 
ure of beryllium commonly  is by cleavage, the  influence of dislocation bourvd- 
firles and  partlcula- dislocation groups and the  interaction of the latter with 
the former is of greatest  importance for tho separation of two close-packed 
planes,   i.e., the formation of crack nuclei.    The results obtained so far sup- 
port the contention that the detailed mechanism of crack formation in beryllium 
of different  impurity content can be resolved by applying the diffraction elec- 
tron microscopy method. 
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